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Abstract

We present some examples of detailed analysis of intrinsic localized modes in lattices, using the accurate numerical methods
derived from the proof of existence of MacKay—Aubry. We report on some improvements on the methods, which are then
used to the fullest to obtain the Floquet analysis of the breather solutions. Such calculations are possible taking into account
the whole lattice, without any approximations. This yields an unprecedented detail of the mechanisms that govern instabilities
in discrete breathers, giving a complete picture of the interplay between localized (“internal”) and extended (“phonon-like”)
instabilities. Copyright © 1998 Elsevier Science B.\V.
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1. Introduction

Intrinsic localized modes (ILMs), otherwise known as discrete breathers, are a relatively recent discovery. Al-
though there had been many studies on localized modes on nonlinear models (where the closest in relation to ILMs
could be the ones on the discrete self-trapping equation [1]), it was only in the works of Takeno and coworkers [2—-4]
that the phenomenon was realized to be of ggestericityin lattices. They obtained analytic approximations to
periodic, highly localized vibrations in several nonlinear lattice models, many of which proved to be long-lived in
numerical simulations. Later, moving localized pulses which also maintained their localization for very long times
were discovered [5,6].

Both nonlinearity and the discreteness were identified as key ingredients for the existence of ILMs. The term
“intrinsic localization” was adequately coined to describe this new phenomenon, which allows localized vibration
in perfectly homogeneous lattices, without disorder or defects. On the other hand, the similarity between ILMs and
their solitonic analogs in continuum models has brought about the term “discrete breathers”, or simply breathers.
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Of course, these solutions do not belong in general to integrable systems, and their properties seem to be far from
solitonic. But considering the extremely high genericity of this phenomenon (in contrast to the highly improbable
integrable systems), it is not too adventurous to say that discrete breathers will shortly attract more study and
attention than pure “bonafide” breathers.

The most rigorous results on ILMs are those of MacKay—Aubry [7], where the stationary breathers are proved
to exist in roughlyany nonlinear lattice, provided only some non-resonance conditions and some upper limits on
the coupling strength (or equivalently, the discreteness). The enormous power of the result lies in that it proves the
genericity of ILMs, giving sufficient conditions for their existence, and even predicting the linear stability for some
of them. The proof involves conceptsaniti-integrabilitywhich were previously applied to other different physical
systems (for areview, see [8,9]). Here, it deals with lattices at the anti-integradod-@ontinuumimit, where the
oscillators are uncoupled. Thus the proof applies directly to lattices with a nonlinear on-site potential (subsequently
called Klein—Gordon, or KG lattices), and only indirectly to lattices without on-site terms (Fermi—Pasta—Ulam, or
FPU lattices). Extensions of the existence theorems for these cases are currently being worked on. On the other
hand, the oscillators considered in this proof can be rotators (seetti@eathersn [10,11]) and even forced and
damped models (see [11,12]), systems in which ILMs were not previously described.

It should not be surprising that the calculation of discrete breathers has to be numerical. Considering the freedom
in the choice of model potentials, it is doubtful that we could ever obtain closed analytical forms for these solutions.
Beyond the initial (approximate) technique of lattice Green functions [4], a powerful numerical procedure to obtain
accurate solutions has been developed in [11], following closely the principles of anti-integrability. Another high-
accuracy method has been described in [13], but it lacks the certainty offered by continuation from well-known
anti-continuum limits.

Inthe present paper we want first to report on a significant addition to the numerical techniques to obtain breathers
asdescribedin [11]. Then we present the first accurate studies of the linear stability of elementary breathers in several
models, describing the numerical technique in detail. We describe all the possible scenarios for instabilities in some
of the simplest solutions, the one-site and two-site breathers.

2. Numerical methods for calculating breathers

The numerical methods described in [11] to obtain localized modes consist basically in a continuation from the
trivial solutions that we have in the anti-continuum limit of the lattice. We start with a KG lattice with an on-site
anharmonic potentiad and a coupling¥ (harmonic or not) parametrized with a discreteness pararheteith
Hamiltonian:

H =30+ V) + AW, ui). (2.1)

1

The theorems in [7] prove the existence of periodic, localized solutions (breathers) in systems like (2.1) as continu-
ation (in) from periodic orbits ak = 0 (the anti-continuum limit of the lattice). For FPU lattices one can also use
this result in numerical calculations of breathers, as explained in [11], but the existence is in principle not assured.
The continuation procedure is effectively accomplished by a Newton—Raphson root finding method, applied to the
suitable system. Ref. [11] gives two possibilities: to work on the Fourier-transformed space, or to work with some
adequate restriction of the Poinéanap of the periodic orbit in the lattice. The Fourier technique has the difficulty
of calculating the nonlinear terms, and therefore it was applied only to potentials with low power nonlinearities,
where simple “convolutions” of the coefficients were feasible to calculate. The possibility of using the fast Fourier
transform (FFT) was mentioned (as in [13]), but was not actually tried. Here we report on the successful use of the
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FFT in the framework of the Newton methods to obtain breathers. The addition of one more method to calculate
breathers would be important initself if just to double-check other methods, but this one happens to be both accurate
and efficient, and thus could rival the use of the Poiacaap method.

The procedure goes as follows. For simplicity in the notation we will consider a 1D lattice, but the method works
in any dimension. The equations of motion read

i (1) + V' (i (@) + AW ui—1(0), ui (1)) + W' (u; (1), ui4+1(1))) =0, (2.2)

and we seek a spatially localized and periodic solution of this system, with a frequgntherefore we can write
the solution as a Fourier series:

ui() =y xPekent with x)" = x, (2.3)
k

where the asterisk denotes complex conjugation. The original equations then become

— o VO 4 WD 4w Gty g (2.4)
whereV; and W, have the obvious meaning. Of course, in the calculations we will use a cut-off kduén the
harmonic series that will be determined by our precision requirements and the particular behavior of the nonlinear
potentials.

Following the existence theorem, we consider the possible configurations of sites@that can be continued
into localized solutions. For the Hamiltonidrcase we are considering here, the continuation is assured for config-
urations in which each site is either at rest, or oscillating with frequecirhe mutual phase differences for those
which oscillate can be only 0 ar (which in our case means that we can work with real coefficients). Then (2.4) form
the set of algebraic equations in the coefficieaﬁéthat we can solve with a Newton—Raphson method, following
the breather solution ih. The difficulty now lies in evaluating the termg, W, from the coefficientgx."}. Here
is where we use the FFT: for each sitg¢, we construct the time-dependent functigi) as in Eq. (2.3). To make
an optimal use of the FFT, we should “sampig?) at 2kmax equidistant values of time, from= 0 tor = 27 /wp
(inverse FFT). From these samplesutf) we readily compute samples & (u; ()) and W’ (u; (¢), u;+1(2)). We
feed these to the FFT to finally obtain the coefficievifsand W, .

It should be noted that with this sampling the FFT is very accurate in producing the Fourier coefficients needed.
In particular, it would return the coefficientsofr) almost exactly. The limitation lies in that the smaller coefficients
obtained from an FFT are only accurate to machine precisiativeto the magnitude of the biggest one. However
this operation is performed locally at each site (or neighboring sites), and therefore that problem does not affect
much the quality of the breather solution as a whole. On the other hand, this “feature” of the FFT will allow us to
choose the maximurynax Which is useful in the calculation: it suffices to probe the single oscillator for the decay
of the serieqVy} (or {Wy}) with k for a given frequencwy, to get some estimates.

We mention finally that this method has been successfully implemented and its quality and efficiency have been
assessed. Its applicability is just as wide as the Poéneap method [11], and can actually compete with il
subsequent calculations presented in this paper have been obtained with the method presented here.

2 For simplicity in the exposition, we consider only the time-reversible Hamiltonian case, leaving out, for instance, rotobreathers. See
[11] for the details.
3 Note that it is also applicable for rotating modes (rotobreathers), due to their step-periodic character.
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3. Stability analysis of stationary breathers

One of the aspects about intrinsic localized modes that was not clarified up to now is the linear stability. Earlier
studies had to rely either on numerical simulation [14] or on excessive approximations [15]. With the new high-
accuracy methods available, one can afford to perform the full analysis. This is just the standard Floquet analysis of
the periodic solution, as found in many textbooks (see for example [16]). With knowledge of the breather solution
{u; ()}, one integrates the linearized equations of motion corresponding to the original system (2.2):

€+ V" (ui(0) € + MW" (ui—1(t), ui (1)) (&; — €i—1) + W (u; (t), ui+1(1))(&; — €i41)] =0, (3.1)

where, for simplicity, we have assumed th#tu, u") has a dependency of the typi&u — u’). Other cases would
work analogously.

In a lattice calculation wittiVmax Sites, we have to integrate Eqgs. (3.1) over a pefipe 2 /wp, for each of the
2Nmax initial conditions of a vector basis of theVg,ax-dimensional vector space formed by the varialjese; }.
With this calculation we obtain thmonodromymatrix M of the periodic breather,

€ €;
! = S , (3.2)
(61 >t:Tb <61 )IIO

whose eigenvalues are the Floquet multipliers. They contain all the information about the linear stability of the
periodic solution. In general, linear stability is assured when all the eigenvalues lie inside the unit circle. But for
Hamiltonian systems it is not so simple: they lie right on the unit circle when the solution is stable, and when it is
unstable, quadruplets of eigenvalues appear out of the unit circle. This is so because for each eigéreedias

to be present also, v, 1/v, 1/vx, since the system is real and Hamiltonian (symplecticy.if on the real axis

then we only have and 1/v out of the circle.

Since we will be analyzing the stability of one-parameterfamilies of breather solutions, we will observe a
continuous movement of the corresponding eigenvalues on the complex plane. Then it is evident that if we start
from a stable solution, we can only reach an instability if we obseoliésionsof eigenvalues on the unit circté.

This problem is therefore analogous to that of the stability of parametric oscillations. Krein theory complements the
picture for the Hamiltonian case, pointing out which collisions of eigenvalues are “forbidden” to cause instability.
For the details on the theory, see [17,18].

Analyzing the breather solutions in terms of the coupling parameter also shows the benefits in clarity of the anti-
integrable approach. It starts analyzing the solutions from a well-known limit, so that any subsequent bifurcations,
merges, etc. are easily spotted At 0 each oscillating site will contribute two eigenmodes-&t while each site at
rest will contribute two eigenmodeéié0 atan angleyg = 2m wo/wp. From now on, we assume the potentiéland
W normalized such that the rest frequenciesaye= 1. Assume for simplicity some anti-integrable configuration
intended for a localized breather, i.e., all sites at rest except for a very few of them which are close to each other.
When the coupling is switched on, most of the eigenvalues departingggdthe majority) will span valuesd?
very close to those given by the linear phonon band of the lattice,

W2 =1+ MsiP(q/2), ¢y =21 (3.3)
wp

while the rest are eigenmodes with localized eigenvector, whose behavior is unpredictable and has to be numerically

computed. All those coming from-1 are obviously localized, and some others coming feamay become
progressively more localized with increasingsee [24]).

4 A remarkable consequence of this, as pointed out in [7], is that all one-site breathers have a non-vanishing window of stability with
origininx = 0.
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Fig. 1. The extent of the phonon band modes on the unit circle (see Eq. (3.3)). Thepaswlesponds to the bottom of the band on
models with on-site potential (a, b), and to the top of the band on FPU models (c, d).

Fig. 1 shows the spreading of the linear modes in different models. For KG lattices with a soft nonlinear potential
V, Fig. 1(a) corresponds to the ca$e< wp < 1, and Fig. 1(b) to} < wp < 3. The same figures are obtained
for % < wp < % and so on. For a hard nonline¥r Fig. 1(a) is forewp > 2 and Fig. 1(b) is for 1< wp < 2. For
FPU lattices, where we drop the potentialandx = 1, the linear band has a fixed width that spans from 0 to 2
(wg = 4sirf(¢/2)). Fig. 1(c) corresponds then to FPU lattices with> 4, and Fig. 1(d) to those with 2 wp, < 4.

For reasons that stem from Krein theory, it is useful to distinguish these regions of valugsasfd the results
show different behavior in these regions.

We now show an overview of results in several models, but postpone all interpretation of the results, as well as
further details on the analysis procedure itself, for a lengthier publication [20]. A preview of the level of the accuracy
that can be achieved in this stability analysis of breathers was first shown in [19], for the case of a single-site breather
in a simple harmonic plus cubic potential. Here we show the analogous analysis of single-site and two-site breathers
in more complicated models.

3.1. Lattices with soft on-site potentials

When the potentiaV is soft, the breather frequencies lie below 1. We have analyzed the stability of one-site
breathers (that is, those emerging from a single oscillating site) for the two re@ian@b <1 and% < wp < %
The coupling has been varied from 0 to the limiting value imposed by the resonance condition
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Table 1

Spatial symmetry of the (localized) unstable mode for the one-site breather in different KG lattices with soft anharmonic potentials and

linear coupling (for the case gf*, only single-well orbits were considered)

Potential Normalized form 1<wp<3} wp > %

Cubic $u? — Lu® Symmetric, at-1 -

Morse %(1 — e )2 Anti-symmetric, at+1 Anti-symmetric, at+-1
Lennard-Jones 7_16(,,_%2 - u%) Anti-symmetric, at+1 Anti-symmetric, at-1
Cosine 1- coqu) - —

% 2ut — 12 Symmetric, at-1 Anti-symmetric, at-1
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Fig. 2. The angle of the eigenvalues= pel?® of the stability matrixM, for the single-site breather of a Morse KG lattice with linear
coupling potentialsdp = 0.75). One of the insets shows the absolute value of the eigenmodes. The other inset shows the spatially
anti-symmetric localized mode that causes an instabilityZatNote how in this case the stability is recovered at a larger coupling.

20p = V1+ 41, (3.4)

where the breather solution can no longer be continued with our methods (see [11]). Note that this is the point at
which the top of the phonon band reachelson the unit circle (see Figs. 1(a) and 1(b)).

In the single-site breather the original couple of eigenvalueslaremains there and all possible localized
instabilities will be caused by others, which necessarily will have to “detach” from the linear band. In all models,
the eigenmodes coming from the bottom of the band are observed to be the ones which become progressively
localized, as is expected from the fact that breathers in these potentials oscillate in-phase, and such is the symmetry
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Fig. 3. Stability analysis of the two-site (in-phase) breather of a Morse KG lattice with linear coupling potengiats Q.75). The
breather is initially unstable, but then becomes stable when the two eigenmodes re-enter the unit circle. At larger coupling, it becomes
unstable again.

of the lowest frequency linear modes of the lattice. But their behavior varies drastically from one model to another.
In some models, one of the localized eigenmodes causes an instability when its associated eigenvalues collide at
—1 (a period doubling bifurcation of the breather). In others, this collision occutsldl tangent bifurcation).
Sometimes collisions are observed, but without any visible instability. Finally, we could also have no collisions

at all, with the breather remaining stable along the full range of values of coupling. That is, up to the resonance
condition given by Eq. (3.4).

Table 1 summarizes these findings in the models analyzed. It also details the spatial symmetry of the associated
eigenvector that causes the instability: it can have a symmetric or anti-symmetric profile with respect to the breather
center. Note that some models, like Morse and Lennard-Jones, may have two windows of stability, but we refer here
to the first instability encountered.

In Figs. 2—-4 we observe the evolution of the eigenvalues on the unit circle (the apgleslifferent situations.

We have calculated them on a relatively small lattide£ 22) to have a better view of the discrete linear band,
though this size is large enough not to distort the main results. We observe how the extended, “linear” modes behave
following closely the linear dispersion relation (3.3). The ones departing from this behavior are observed to detach
from the bottom of the band, and can be confirmed to be localized by looking at their associated eigenvector. The
careful observer will also spot smaller instabilities in Figs. 2 and 3, caused by extended modes after their passing
through—1. These are just finite size effects, and vanish in the limit of an infinite latiicex( c0). This is properly

justified in [20].
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Fig. 4. Stability analysis of the two-site (out of phase) breather of a Morse KG lattice with linear coupling potential©(75). Here the
breather is initially stable, and the first instability occurs when two eigenmodes collide at some angle on the unit circle (Hopf bifurcation).
A later bifurcation at+-1 prevents the continuation of the solution up to the coupling allowed by (3.4).

Fig. 3 shows the results for a two-site breather in which two neighboring sites are oscillating in-phase. Here we
see that the two extra modes-al cause instability right from the beginning, though a stability window is later
recovered at a higher value bf when these eigenvalues re-enter the unit circle. By contrast, the two-site breather
in which the oscillators are in opposition of phase is initially stable (the extra eigenmodeis start traveling
along the unit circle) and becomes unstable at some higher coupling, as shown in Fig. 4. This behavior of two-site
breathers near = 0 can be understood analytically [20]. But a more interesting phenomenon was pointed out to
us recently [21]. It is the fact that, on models exhibiting the tangent bifurcation of the single breathkrtae
corresponding two-site (in-phase) breather also exhibits the same type of bifurcation at the same nvakg of
hard anharmonicity models, the same phenomenon occurs, but with the out-of-phase breather. This behavior will
be extensively explained in a forthcoming paper [22].

3.2. Lattices with hard on-site potentials

The same analysis has been carried out for breathers in KG lattices with hard anharmonic potentials, in which
the breather frequencies are above 1. We report the results on the single-site breather in two models, both with a
harmonic plus quartic on-site potential:

V) = u?+ 1u (3.5)
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Fig. 5. Stability analysis of the one-site breather of a KG lattice with potentials given by (3.5) and (3.6).

but one of them with a linear coupling potential and the other with a hard nonlinear coupling of the sameltype as
W, u') = S —u)?+ T —u)H* (3.6)

It is interesting to introduce this latter model for several reasons. First, at large values of couphngp, the
model becomes equivalent to the FPU lattice with poteftiaiven by 3.6. Second, given the functional form of
V andW, at large values of the nonlinearity (or equivalently, whgn— oo) the system becomes equivalent to
the simple “homogeneous” system given by the Hamiltonian

H =" 8i + b+ 2w — i (3.7)
i

Systems like this exhibit a separable property for periodic solutions, whereby breathers can be found by solving
the dynamical part and the structural profile part separately [11,23]. These easily obtainable breathers serve as a
double-check on the calculation of solutions of related models, like the one we consider here in Eq. (3.6).

The one-site breather in lattice (3.5) with linear couplings is observed to remain stable along the whole relevant
range of values of, both in regionwp > 2 (Fig. 1(a)) as in region k wp < 2 (Fig. 1(b)). That is, no localized
eigenmodes cause instability for values of coupling going from zero to the resonance condition

wp = V1 + 4, (3.8)

which in hard anharmonicity KG lattices marks the limiting coupling beyond which the breather is not continuable
with Newton methods (cf. (3.4) above).



292 J.L. Marin et al./ Physica D 113 (1998) 283-292

The situation changes when we consider the model (3.5) with the nonlinear coupling (3.6). Here, in region
1 < wp < 2 (Fig. 1(b)) no instability is appreciated, but in regiop > 2 (Fig. 1(a)) we observe a localized and
spatially anti-symmetric eigenmode that collides-dtand yields a tangent bifurcation of a very similar character
to that encountered in the case of Morse, Lennard-Jonesp‘ladtices. Again, the passage of these eigenmodes
trough—1 does not yield instability, as would be expected in the general case. Fig. 5 shows the evolution of the
eigenvalues for this case.
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